Featured Application: Optimisation of textile reinforced concrete (TRC) composites for new constructions and for the seismic retrofitting of existing buildings.
Introduction
The growing interest in cost-effective solutions for the structural upgrading of existing buildings and infrastructures has gradually oriented research towards the optimisation of high-performance cement-based composites originally conceived for new lightweight constructions. Such materials, known as textile reinforced concretes (TRCs) [1, 2] and fabric-reinforced cementitious mortars (FRCMs) in their recent developments [3] [4] [5] , are generally employed in the form of thin layers and have proven able to significantly enhance the load-bearing and deformation capacities of underperforming structures [6] . Among economy, ease of application, fire safety, durability and compatibility with the hosting substrates, one of the main advantages is the limited increase in the global mass and, hence, the containment of the inertial forces activated during seismic motions.
Considering the large surfaces targeted by the retrofitting interventions, a primary objective is to avoid material wastage; in this sense, there is a major need of guidelines and simplified predictive models that can effectively assist the identification of optimum design solutions. Being the tensile behaviour of TRC strongly influenced by the matrix composition [7, 8] , the geometrical and chemo-mechanical characteristic of the embedded fabrics [9] [10] [11] and the possible presence of short Bending and compressive tests were carried out on six nominally identical prismatic specimens (40 × 40 × 160 mm 3 ) according to UNI EN 196 [18] and the tensile strengths f ct were deduced from the bending results via the formula proposed in the Model Code 2010 (MC2010) [19] :
where h is the beam depth (40 mm) and α is a coefficient that decreases as the concrete brittleness increases; on a first approximation, α was taken equal to 0.06 (value referred to normal strength concrete) for both M1 and M2. Elastic moduli were estimated from the average compressive strength (42.9 GPa for M1 according to MC2010), or from data provided by the manufacturer (28 GPa for M2). Concerning the commercial mortar, it is important to underline the discrepancy between the mean flexural results of Table 3 (7.02 MPa) and the average values declared by the producer (10.1 MPa, corresponding to an f ctm of 4.47 MPa), probably caused by a different casting procedure. Beam specimens were in fact manufactured without paying much attention to the material compaction and this resulted in a macroscopic porosity.
Alkali-Resistant Glass Fabrics
The seven AR-glass fabrics depicted in Figure 1 were selected from a broad set proposed by the manufacturer, following preliminary considerations aimed at ensuring the typical trilinear tensile behaviour of TRC and covering diverse structural interventions, where textile geometry and tensile capacity play a significant role.
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The seven AR-glass fabrics depicted in Figure 1 were selected from a broad set proposed by the manufacturer, following preliminary considerations aimed at ensuring the typical trilinear tensile behaviour of TRC and covering diverse structural interventions, where textile geometry and tensile capacity play a significant role. The main characteristics of the fabrics are given in Table 4 , where it is possible to observe that grid spacings between 5 and 38 mm were explored and both styrene-butadiene rubber (SBR) and epoxy coatings were considered. As displayed in Figure 1 , Fabrics F2 and F3 as well as F4 and F5 were identical, with the only exception being the coating nature; on close observation it was possible to detect that slight geometrical alterations were present, since SBR-coated fabrics tended to be more squashed at the manufacturing stage. To the exclusion of Fabrics F6 and F7, the reinforcements were balanced in the warp and in the weft directions, as proved by the equivalent thicknesses teq collected in Table 4 . This geometrical parameter was evaluated according to the following steps: (i) calculation of the equivalent wire section Aw as the ratio between the Tex (g/km) and the glass density (2680 kg/m 3 ); (ii) calculation of the number of wires nw over 1 m, according to the spacing; and (iii) The main characteristics of the fabrics are given in Table 4 , where it is possible to observe that grid spacings between 5 and 38 mm were explored and both styrene-butadiene rubber (SBR) and epoxy coatings were considered. As displayed in Figure 1 , Fabrics F2 and F3 as well as F4 and F5 were identical, with the only exception being the coating nature; on close observation it was possible to detect that slight geometrical alterations were present, since SBR-coated fabrics tended to be more Appl. Sci. 2019, 9, 1492 4 of 23 squashed at the manufacturing stage. To the exclusion of Fabrics F6 and F7, the reinforcements were balanced in the warp and in the weft directions, as proved by the equivalent thicknesses t eq collected in Table 4 . This geometrical parameter was evaluated according to the following steps: (i) calculation of the equivalent wire section A w as the ratio between the Tex (g/km) and the glass density (2680 kg/m 3 ); (ii) calculation of the number of wires n w over 1 m, according to the spacing; and (iii) calculation of t eq as the ratio between the global area (equivalent wire section times the number of wires A w · n w ) and 1 m width. For each direction of the reinforcements, five uniaxial tensile tests were performed according to the strip method [20] of Figure 2 , obtaining the average peak loads P max,avg given in Table 5 . The samples (70 × 400 mm 2 in size) were clamped to an electromechanical press (a clamping force of about 8 kN was applied) with a maximum load capacity of 30 kN and a constant machine crosshead displacement (stroke) rate of 100 mm/min was taken as the feedback parameter. Epoxy resin tabs were preliminary created at the ends of each specimen (see Figure 2) , to prevent stress localisation and slippage phenomena within the clamping zones. were preliminary created at the ends of each specimen (see Figure 2 ), to prevent stress localisation and slippage phenomena within the clamping zones. Referring to the standard deviations (std%) of Table 5 , smaller pick distances (Fabrics F6 and F7) Referring to the standard deviations (std%) of Table 5 , smaller pick distances (Fabrics F6 and F7) were generally associated to smaller dispersion of the mechanical results, in particular in the warp direction. The reason for this was the greater redundancy of the sample, which resulted less exposed to uneven stress distributions due to imprecise fabric geometry or clamping misalignments. The glass areas A f given in Table 5 represent the cross-sections of the assembled rovings actually embedded within the 70 mm specimen widths, i.e. subjected to the tensile load P; as one should note, A f does not correspond to the product between the equivalent thickness t eq and 70 mm, since the strip width Appl. Sci. 2019, 9, 1492 5 of 23 was generally not an exact multiple of the grid spacing. The fabric efficiency factor EF f was instead calculated as follows:
where σ fu is the glass filament strength, assumed equal to 2000 MPa according to the manufacturer data. The parameter EF f provides crucial information on the rate of utilisation of the reinforcing material and may hence be related to cost-efficiency considerations. As an example, despite Fabric F4 being characterised by a 43% smaller A f than Fabric F7 (warp direction), the average peak loads were nearly the same, meaning that in Fabric F7 several glass filaments were basically ineffective. This was explained by the greater capability of epoxy resin to impregnate the glass filaments, limiting telescopic failure modes [21] . Average load vs. stroke displacement (P-δ) and nominal fabric stress vs. normalised displacement (σ f -δ/L 0 ) curves are plotted in Figures 3 and 4 , respectively; the nominal fabric stress σ f was calculated as P f,max,avg /A f , while the normalised displacement was obtained as the ratio between the stroke displacement and the free specimen length of Figure 2 (about 300 mm). As clearly shown in Figure 4a , heavy-duty textiles F6 and F7 markedly deviated from Fabrics F1-F5, confirming their lower efficiency. It is also worth noticing that F6 and, to a greater extent, F7 became stiffer as the applied tensile load increased, as a result of a strong fabric "Poisson" effect that is addressed below. direction. The reason for this was the greater redundancy of the sample, which resulted less exposed to uneven stress distributions due to imprecise fabric geometry or clamping misalignments. The glass areas Af given in Table 5 represent the cross-sections of the assembled rovings actually embedded within the 70 mm specimen widths, i.e. subjected to the tensile load P; as one should note, Af does not correspond to the product between the equivalent thickness teq and 70 mm, since the strip width was generally not an exact multiple of the grid spacing. The fabric efficiency factor EFf was instead calculated as follows:
where σfu is the glass filament strength, assumed equal to 2000 MPa according to the manufacturer data. The parameter EFf provides crucial information on the rate of utilisation of the reinforcing material and may hence be related to cost-efficiency considerations. As an example, despite Fabric F4 being characterised by a 43% smaller Af than Fabric F7 (warp direction), the average peak loads were nearly the same, meaning that in Fabric F7 several glass filaments were basically ineffective. This was explained by the greater capability of epoxy resin to impregnate the glass filaments, limiting telescopic failure modes [21] . 
Short Fibres
Hybrid reinforcing solutions were explored by including in the cement-based mortars the short fibres described in Table 6 : (i) straight high-carbon steel microfibers (diameter 0.21 mm, length 13 mm, aspect ratio 62, tensile strength 2750 MPa), encoded as S; and (ii) high alkali resistance polyvinyl alcohol fibres (equivalent diameter 0.16-0.24 mm, length 18 mm, aspect ratio 90, yield strength 790-1160 MPa), encoded as PVA. Nominal volume fractions V sf of 1% were considered, although it is fair to note that segregation of steel fibres in the fresh-state VHPC led, in some cases, to effective volume fractions of about 0.5%, as proven by the wash-out of the fibres segregated in the mixer bowl; however, as discussed in the following, no significant changes in the response were observed. As shown in the literature [12] , synergy effects can be achieved thanks to the mechanical stabilisation ensured by the textiles, potentially improving the material strength, the fracture behaviour and the bond between the yarns and the matrix.
Mechanical Characterisation of TRC Composites
TRC specimens (70 × 400 × 9 mm 3 in size) were tested in uniaxial tension after at least 28 days of natural curing, according to the scheme in Figure 2 . Four steel plates (70 × 50 × 1 mm 3 ) were glued at the ends, to prevent stress localisations within the clamping regions, where a transverse force of about 12 kN was imposed. The tests were displacement controlled imposing a constant stroke rate of 0.02 mm/s and two linear variable differential transformer (LVDT) transducers measured integral crack opening displacements astride a gauge length (GL) of about 200 mm. Average results of each set of three nominally identical samples are depicted in Figures 5 and 6 , in terms of nominal TRC stress (σ TRC = P/A TRC , with A TRC = t·b) vs. normalised displacement (δ/L 0 ) along the warp reinforcing direction; relevant geometrical and mechanical quantities are collected in Table 7 . The curves reflect the typical trilinear behaviour of TRC, consisting of a first linear-elastic branch, a second multiple crack formation phase and a third region dominated by the fabric response [22] ; please note that marked discontinuities of the average third-branch responses generally indicate the failure of one of the three nominal identical specimens belonging to the set, after which the results are averaged on the remaining samples. It is hence important to observe that the peaks of the curves are representative of the best performing sample, while the numbers collected in Table 7 are always the average of the three individual values.
Focussing on the final state-theoretically associated to the rupture of the AR-glass textile-it was possible to notice that some samples failed due to a loss of textile/matrix bond, mostly caused by an insufficient anchorage length. In fact, the length of the load introduction zones in Figure 2 , albeit in the range of the minimum values prescribed by the Italian guidelines [14] , is about half of the one suggested by recent recommendations for TRC tensile tests [23] . Fabric slippage most likely occurred on M2-based composites, since the greater porosity (noticed by visual inspection) of the thixotropic mortar penalised the bond between the rovings and the cementitious phase. 
Discussion of the Results

Effect of Fabric Coating
As already introduced, the nature of the coating acts on both the efficiency of the AR-glass fabric and the strength of the composite. This is explained by the greater surface roughness observed in epoxy-impregnated textiles, which increases the adhesion with the surrounding cementitious matrix, and by the greater mechanical anchorage offered by the weft yarns when the specimen is loaded 
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Effect of Fabric Coating
As already introduced, the nature of the coating acts on both the efficiency of the AR-glass fabric and the strength of the composite. This is explained by the greater surface roughness observed in epoxy-impregnated textiles, which increases the adhesion with the surrounding cementitious matrix, and by the greater mechanical anchorage offered by the weft yarns when the specimen is loaded along the warp direction. This phenomenon is clearly correlated to the better ability of epoxy resins to penetrate and impregnate the glass filaments, stiffening the nodal connections between weaved strands. The latter effect assumes greater importance in the case of wide-spaced fabrics because, contrary to narrow-spaced textiles, the number of nodal connections within the sample width is limited and, in some combinations, the TRC is unable to exhibit the intended trilinear response [22] .
To better highlight the effect of the coating nature, M1-based composites alternately reinforced with Fabrics F2 and F3 as well as F4 and F5 Were considered. Such couples of textiles were characterised by the same geometry, being the only difference the impregnation technique: SBR for F3 and F5 and epoxy for F2 and F4. In Figures 7 and 8 , the comparison between the two average responses in terms of nominal stress vs. normalised displacement corroborates the mentioned explanations, since a general increase of the mechanical capacity amid epoxy-impregnated textiles can be observed. The use of epoxy coating also entailed an increased number of cracks and a more stable multi-cracking phase (stress drops appear smoother). Moreover, it is worth underlining that the flatter geometry of SBR coated textiles, explained by the greater pressure exerted by the impregnation rollers, led to an increase of the nominal cracking stresses (given a constant composite thickness, the effective cross-section of the mortar is bigger). can be observed. The use of epoxy coating also entailed an increased number of cracks and a more stable multi-cracking phase (stress drops appear smoother). Moreover, it is worth underlining that the flatter geometry of SBR coated textiles, explained by the greater pressure exerted by the impregnation rollers, led to an increase of the nominal cracking stresses (given a constant composite thickness, the effective cross-section of the mortar is bigger).
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Effect of Dispersed Short Fibres
The addition of short fibres impacts on the mechanical performances of TRC composites by increasing the first cracking stress, the nominal stress in the second and third branches-due to the improvement of the bond between the textile and the matrix-and the number of cracks, hence ensuring a better behaviour in terms of durability [12] .
Average tensile responses of different composites reinforced with Fabrics F2 and F6, with or without the addition of short steel and PVA fibres, are displayed in Figure 9 . It was possible to notice can be observed. The use of epoxy coating also entailed an increased number of cracks and a more stable multi-cracking phase (stress drops appear smoother). Moreover, it is worth underlining that the flatter geometry of SBR coated textiles, explained by the greater pressure exerted by the impregnation rollers, led to an increase of the nominal cracking stresses (given a constant composite thickness, the effective cross-section of the mortar is bigger).
Average tensile responses of different composites reinforced with Fabrics F2 and F6, with or without the addition of short steel and PVA fibres, are displayed in Figure 9 . It was possible to notice 
Average tensile responses of different composites reinforced with Fabrics F2 and F6, with or without the addition of short steel and PVA fibres, are displayed in Figure 9 . It was possible to notice an overall improvement of the mechanical capacity for all types of matrices and added fibres, with the exception of F6-M2-PVA composites, where the benefits on the mechanical response were not visible, probably because of a combined effect of the narrow-spaced grid of the textile and the porosity of the matrix (in this case the addition of fibres may increase the number of defects, reducing bond and promoting early fabric slippage). The effect of hybrid reinforcing technologies is also assessed in Figure 10 , where a densification of the cracking patterns can be generally observed.
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Definition of Comparison Parameters
In light of the foregoing evidence on the influence of each component (fabric, coating, matrix and dispersed short fibres) on the TRC tensile behaviour, it was deemed necessary to establish a quantitative comparison approach between different responses to validate the observed trends in the perspective to promote the use of such materials among designers. The following considerations were made after excluding from the whole set the composites manufactured with Fabrics F3 and F5, on account of the observations drawn in Section 4.1. bond and promoting early fabric slippage). The effect of hybrid reinforcing technologies is also assessed in Figure 10 , where a densification of the cracking patterns can be generally observed.
In light of the foregoing evidence on the influence of each component (fabric, coating, matrix and dispersed short fibres) on the TRC tensile behaviour, it was deemed necessary to establish a quantitative comparison approach between different responses to validate the observed trends in the perspective to promote the use of such materials among designers. The following considerations were made after excluding from the whole set the composites manufactured with Fabrics F3 and F5, on account of the observations drawn in Section 4.1.
Two different families of values were introduced: (i) efficiency factors (EF), which quantify the global load capacity of the systems and the exploitation of the AR-glass fibres; and (ii) 
Two different families of values were introduced: (i) efficiency factors (EF), which quantify the global load capacity of the systems and the exploitation of the AR-glass fibres; and (ii) ductility/energy absorption parameters, which describe the behaviour of a composite system in the multi-cracking phase (regarded as significant, since in seismic retrofitting applications hysteretic energy dissipation is expected to occur mainly in this region). Ductility coefficients may also help to better underline the effect of hybrid reinforcing solutions.
In addition to the standard efficiency factor, EF TRC , defined as the ratio between the maximum capacity of the composite and the one of the plain fabric (see Equation (3) and Figure 11a ), a second factor EF TRC,f was introduced (see Equation (4) and Figure 11a) , obtained dividing the ultimate TRC stress referred to the fabric equivalent section, σ TRC,f , by the glass filaments strength σ fu :
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The ductility/energy absorption parameters depicted in Figure 11b are defined as: (i) the value of normalised displacement ε2 = δ2/L0 corresponding to the end of the multi-cracking phase; (ii) the total absorbed energy per unit volume UT,I-II within the equivalent strain range 0-ε2; and (iii) the average stress I-II (Equation (5)) obtained by imposing the equivalence of the area under the stressstrain curve in the first two stages of the response:
The introduced parameters, averaged over each nominally identical set, are collected in Table 8 .
(a) (b) Figure 11 . Identification of relevant mechanical parameters on the uniaxial tensile response: efficiency (a) and ductility/energy absorption (b) variables.
Looking at the efficiency factors trends plotted in Figure 12 , it was possible observe that:
• A more loosely packed matrix (i.e., M2) generally implied lower EFTRC (solid black dots) in the composites, thus confirming the previously drawn conclusion about the internal fabric slippage in M2-based systems (see Section 3).
•
The values of EFTRC,f (grey crosses) were lower in the composites reinforced with greater amounts of AR-glass (F6 and F7, compared with F1, F2 and F4) and this clearly indicated a material waste, while EFTRC (solid black dots) was only representative of the interaction between matrix and fabric. Focussing on F6-M1 and F7-M1 systems, it was possible to observe that close EFTRC,f values did not imply similar EFTRC values, probably due to different internal slippage (see Figure 6a ).
The addition of short fibres implied, as expected, a general increase of the EFTRC parameters. The only exception was represented by F6-M2-PVA samples, possibly because the addition of short fibres in a matrix embedding a narrow-grid textile introduced a defect at the fabric-matrix interface, favouring internal slippage. In addition, it is important to stress that the higher porosity of matrix M2 entailed a lower fibre pull-out strength; moreover, the increment of EFTRC was higher in the cases with low-grammage textiles (F1 and F2) because, given the fixed volume fraction of short fibres, the percentage increase of the reinforcement ratio was higher.
The composites manufactured with epoxy-impregnated fabrics (F2-F4) were more efficient, probably due to a greater chemo-mechanical bond (greater surface roughness combined with The ductility/energy absorption parameters depicted in Figure 11b are defined as: (i) the value of normalised displacement ε 2 = δ 2 /L 0 corresponding to the end of the multi-cracking phase; (ii) the total absorbed energy per unit volume U T,I-II within the equivalent strain range 0-ε 2 ; and (iii) the average stress σ I-II (Equation (5)) obtained by imposing the equivalence of the area under the stress-strain curve in the first two stages of the response:
The introduced parameters, averaged over each nominally identical set, are collected in Table 8 . Looking at the efficiency factors trends plotted in Figure 12 , it was possible observe that:
• A more loosely packed matrix (i.e., M2) generally implied lower EF TRC (solid black dots) in the composites, thus confirming the previously drawn conclusion about the internal fabric slippage in M2-based systems (see Section 3).
The values of EF TRC,f (grey crosses) were lower in the composites reinforced with greater amounts of AR-glass (F6 and F7, compared with F1, F2 and F4) and this clearly indicated a material waste, while EF TRC (solid black dots) was only representative of the interaction between matrix and fabric. Focussing on F6-M1 and F7-M1 systems, it was possible to observe that close EF TRC,f values did not imply similar EF TRC values, probably due to different internal slippage (see Figure 6a ).
The addition of short fibres implied, as expected, a general increase of the EF TRC parameters. The only exception was represented by F6-M2-PVA samples, possibly because the addition of short fibres in a matrix embedding a narrow-grid textile introduced a defect at the fabric-matrix interface, favouring internal slippage. In addition, it is important to stress that the higher porosity of matrix M2 entailed a lower fibre pull-out strength; moreover, the increment of EF TRC was higher in the cases with low-grammage textiles (F1 and F2) because, given the fixed volume fraction of short fibres, the percentage increase of the reinforcement ratio was higher.
The composites manufactured with epoxy-impregnated fabrics (F2-F4) were more efficient, probably due to a greater chemo-mechanical bond (greater surface roughness combined with stiffer nodal connections between warp and weft yarns, as discussed in Section 4.1). Moreover, the two composite efficiency factors (EF TRC and EF TRC,f ) were closer, due to the greater efficiency of the plain fabric (see the warp EF f values of Table 5 ).
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In the case of heavy-duty fabrics (F6 and F7, already characterised by a great reinforcement volume fraction), the responses became stiffer and showed a reduction of ε2 and UT,I-II; consequently, the improvement of the mechanical capacity could only be assessed through the efficiency factors. (a) (b) Figure 13 . Ductility/energy absorption parameters in uniaxial tension for M1-based (a) and M2-based (b) TRC composites: effect of fibres addition.
Analytical Modelling
As proven by empirical results, variations in the tensile response of TRC and hybrid composites depend upon the characteristics of base materials (fabrics, coatings, matrices and dispersed fibres) and their positive or negative interactions when combined into a complex system. The evaluation of the tensile capacity of TRC is generally assessed experimentally, by performing uniaxial tensile tests that represent the basis of current engineering approaches [23] for the structural design of building interventions.
In this context, there is a strong need to implement available analytical tools into robust predictive models aimed at assisting the experimental optimisation procedures. The following subsections deal with the modelling of the macro-mechanical tensile responses by means of wellestablished simplified approaches, critically assessed in the perspective of highlighting future lines of investigation. Figure 13 reveals the effect of short fibres addition on the ductility/energy absorption parameters. Normalising each average value with respect to the corresponding plain TRC one, was noticed that:
•
In the case of low to medium grammage fabrics (F1 and F2), a general increase of the average stress σ I-II was observed. Moreover, greater control over damage development was achieved. An overall increase of the total absorbed energy was observed, in particular in M1-based composites, confirming preliminary considerations.
In the case of heavy-duty fabrics (F6 and F7, already characterised by a great reinforcement volume fraction), the responses became stiffer and showed a reduction of ε 2 and U T,I-II ; consequently, the improvement of the mechanical capacity could only be assessed through the efficiency factors.
Analytical Modelling
As proven by empirical results, variations in the tensile response of TRC and hybrid composites depend upon the characteristics of base materials (fabrics, coatings, matrices and dispersed fibres) and their positive or negative interactions when combined into a complex system. The evaluation of the tensile capacity of TRC is generally assessed experimentally, by performing uniaxial tensile tests 
In this context, there is a strong need to implement available analytical tools into robust predictive models aimed at assisting the experimental optimisation procedures. The following subsections deal with the modelling of the macro-mechanical tensile responses by means of well-established simplified approaches, critically assessed in the perspective of highlighting future lines of investigation.
Description of the ACK and the Stochastic Cracking Models
The Aveston, Cooper and Kelly theory [15, 16] for fibre-reinforced composites was originally developed to describe the tensile stress-strain curve of brittle matrix composites, reinforced with quasi-unidirectional fibres characterised by a volume fraction greater than the critical one. The response (see Figure 14) is described by means of a three stages curve: pre-cracking zone (Stage I), multiple cracking zone (Stage II) and post-cracking zone (Stage III). The basic assumptions of this model are:
•
The fibres are considered capable of carrying loads only along their longitudinal axis.
The matrix-fibre bond is assumed to be weak.
Once the matrix and the fibres debond, a pure frictional shear stress τ 0 is considered. This shear stress is assumed constant along the debonded interface.
Poisson effects (transverse contraction) of both the fibres and the matrix are neglected.
Global load sharing is used for fibres.
In a section orthogonal to the applied load, matrix normal stresses are considered uniform.
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An extension of the original ACK theory to E-glass fibre reinforced cementitious composites was proposed by Cuypers and Wastiels under the name of stochastic cracking model [17] . They considered the stochastic nature of the tensile strength of the matrix, through the use of a twoparameter Weibull distribution function [26] and they assumed the same distribution for the crack spacing. Because of the non-deterministic nature of the matrix cracking stress, it is necessary to underline the difference between the mean saturated crack distance at the end of Stage II (X) and the mean actual crack spacing (x). While the X value can be evaluated experimentally, observing the crack pattern at the end of a tensile test, both the values of the transmission length δ0 and the actual crack distance x are functions of the applied stress. Depending on the value of the stress σc applied to the composite, x may be smaller than, equal to or larger than 2δ0. In particular, x tends to X according to the following formula:
where σRc is the reference average cracking composite stress, computed according to Equation (10) . The stress σmu is taken as the average tensile strength fctm of Table 3 and m is the width of the strength distribution (respectively, the first and the second parameter of the Weibull function, see Table 3 ). The analytical stress-strain curve of the composite (see Figure 14) is described by means of the following non-linear functions:
and where δ * is evaluated according to Equation (11) , with the evolving matrix stress in place of σmu. 
Implementation of the Stochastic Cracking Model
To apply the stochastic cracking model to the set of TRC composites and compare the obtained analytical responses with the experimental results along the warp direction, some assumptions regarding the base materials and the efficiency of the composites were made.
As regards the failure strength fctm of the two matrices, different approaches were considered, following the observations of Section 2.1: (i) average values of the fct tensile strengths, computed with The first branch of the response is linear elastic and the bond between the matrix and the fibres is assumed to be perfect. In this stage, the stiffness of the composite E c,I is function of the fibres and the matrix volume fractions (V f , V m ) and their stiffness (E f , E m ) and it is computed by means of the well-known rule of mixtures, via the following equation:
The two volume fractions can be decreased by means of fibres and matrix efficiency factors (η f , η m ) connected to imperfect matrix-fibre adhesion, warping or misalignment of the unidirectional fibres and eventual presence of inclusions or air voids in the matrix [24] . The modification of the ACK theory is described as follows:
According to the ACK model, the matrix has a deterministic tensile failure stress σ mu . When this value is reached, the composite shows multiple cracking (Stage II). The composite multiple cracking stress σ mc is computed as:
When the first crack appears, matrix and fibres debond and the pure constant frictional shear stress is considered, τ 0 provides the stress transfer between fibres and matrix. From the equilibrium in the longitudinal direction, it is possible to obtain the transmission length δ 0 , equal to the distance from a crack face at which the matrix reaches again the stress σ mu :
where r is the equivalent fibres radius. Since, according to the ACK theory, the matrix has a unique tensile failure stress, multiple parallel cracks are simultaneously introduced in the specimen, until saturation is reached. In Stage II, the internal stress leads to a final state where the distance among cracks is between δ 0 and 2δ 0 (with an average value equal to X = 1.337·δ 0 [25] ). In Stage III, when the multi-cracking phenomenon is over, only fibres contribute to the stiffness of the composite:
An extension of the original ACK theory to E-glass fibre reinforced cementitious composites was proposed by Cuypers and Wastiels under the name of stochastic cracking model [17] . They considered the stochastic nature of the tensile strength of the matrix, through the use of a two-parameter Weibull distribution function [26] and they assumed the same distribution for the crack spacing. Because of the non-deterministic nature of the matrix cracking stress, it is necessary to underline the difference between the mean saturated crack distance at the end of Stage II (X) and the mean actual crack spacing (x). While the X value can be evaluated experimentally, observing the crack pattern at the end of a tensile test, both the values of the transmission length δ 0 and the actual crack distance x are functions of the applied stress. Depending on the value of the stress σ c applied to the composite, x may be smaller than, equal to or larger than 2δ 0 . In particular, x tends to X according to the following formula:
where σ Rc is the reference average cracking composite stress, computed according to Equation (10) . The stress σ mu is taken as the average tensile strength f ctm of Table 3 and m is the width of the strength distribution (respectively, the first and the second parameter of the Weibull function, see Table 3 ). The analytical stress-strain curve of the composite (see Figure 14) is described by means of the following non-linear functions:
and where δ * is evaluated according to Equation (11) , with the evolving matrix stress in place of σ mu .
As regards the failure strength f ctm of the two matrices, different approaches were considered, following the observations of Section 2.1: (i) average values of the f ct tensile strengths, computed with Equation (1); (ii) average tensile strengths empirically derived, according to the MC2010, from the average compressive strengths; and (iii) data provided by the premixed mortar manufacturer (the obtained values are collected in Table 9 ). Analyses "A" (see Section 5.3) considered the average strengths calculated from the three-point bending flexural strengths (f ctm = 6.31 MPa for M1 and f ctm = 3.10 MPa for M2), while Analyses "B" instead assumed f ctm = 4.59 MPa for M1 and f ctm = 4.47 MPa for M2; the former value is the one obtained from the average compressive strength, while the latter is the one provided by the thixotropic mortar manufacturer. Regarding M2, the selection of the highest tensile strength was consistent with a greater compaction of the mortar (as resulting in the composites, produced by means of a hand lay-up technique) and the stabilising effect offered by polyacrylonitrile-based microfibres originally introduced in the pre-mixed powder to minimise shrinkage effects.
For both analyses, the matrix elastic modulus E m and the Weibull shape coefficient m were assumed equal to 42.9 GPa and 11.58 for the M1-based composites and 28.0 GPa and 7.15 for the M2-based ones, respectively (please note that the m Weibull parameter associated to the tensile strength distribution was hence assumed equal to the experimental flexural one). The efficiency of the cement-based matrix, as defined in the original theory, was set at η m = 1. Regarding the textiles, an elastic modulus E f of 70 GPa was assumed, as suggested by the glass filaments manufacturer. The fabric volume fraction V f was calculated as the ratio between A f (Table 5 ) and the average cross section of the samples belonging to each set (see Table 7 ), while V m was equal to 1-V f . The reinforcement efficiency η f was taken equal to EF f , where EF f is the fabric efficiency factor introduced in Section 2.2 (see Equation (2) and Table 4 ). This latter assumption followed the hypothesis that the filaments that effectively contribute to the resisting mechanism (A f * = A f ·EF f ) work in parallel and each of them is capable of reaching the maximum tensile material strength (σ fu = 2000 MPa).
The hypothesis seems to be confirmed by Figure 15 , showing a reworking of the plain fabric tensile responses of Figure 4 carried out by calculating the nominal fabric stress σ f * as the ratio between the load P f and the effective fabric area A f * . As one should note, the scatter of the seven average curves in terms of stiffness was limited, proving that a fabric efficiency factor merely estimated on the failure loads (see Equation (2)) may be sufficiently representative of the global textile behaviour. The value of the average saturated crack spacing X was obtained experimentally, dividing the LVDT gauge length (the nominal value of 200 mm was assumed) by the number of cracks detected at the end of each tensile test (see Figure 10) . For both analyses, the matrix elastic modulus Em and the Weibull shape coefficient m were assumed equal to 42.9 GPa and 11.58 for the M1-based composites and 28.0 GPa and 7.15 for the M2-based ones, respectively (please note that the m Weibull parameter associated to the tensile strength distribution was hence assumed equal to the experimental flexural one). The efficiency of the cementbased matrix, as defined in the original theory, was set at m = 1. Regarding the textiles, an elastic modulus Ef of 70 GPa was assumed, as suggested by the glass filaments manufacturer. The fabric volume fraction Vf was calculated as the ratio between Af (Table 5 ) and the average cross section of the samples belonging to each set (see Table 7 ), while Vm was equal to 1-Vf. The reinforcement efficiency f was taken equal to EFf, where EFf is the fabric efficiency factor introduced in Section 2.2 (see Equation (2) and Table 4 ). This latter assumption followed the hypothesis that the filaments that effectively contribute to the resisting mechanism (Af * = Af · EFf) work in parallel and each of them is capable of reaching the maximum tensile material strength (σfu = 2000 MPa).
The hypothesis seems to be confirmed by Figure 15 , showing a reworking of the plain fabric tensile responses of Figure 4 carried out by calculating the nominal fabric stress σf * as the ratio between the load Pf and the effective fabric area Af * . As one should note, the scatter of the seven average curves in terms of stiffness was limited, proving that a fabric efficiency factor merely estimated on the failure loads (see Equation (2)) may be sufficiently representative of the global textile behaviour. It is worth noticing that this simplified analysis could not simulate any of the contributions provided by dispersed short fibres, since the matrix was treated as an elasto-brittle material, with null post-cracking behaviour. Moreover, it is important to underline that the theoretical response was always trilinear-hardening, since volume fractions greater than the critical one were assumed a priori and fabric end-slippage phenomena-as the one occurring in the F3-M1 response of Figure 7a -could not be captured. Hence, in its present configuration, the algorithm cannot be regarded as sufficiently robust to represent a comprehensive predictive tool and, for this reason, its application in this research was limited to the assessment of ex-post modelling capabilities.
Assessment of Analytical Modelling Capabilities
The results obtained by applying the stochastic cracking model to the investigated sets of TRC systems are displayed in the following, with reference to M1-and M2-based composites reinforced with Fabrics F1 (Figure 16 ), F2 (Figure 17 ), F4 (Figure 18 ), F6 ( Figure 19 ) and F7 ( Figure 20) . Average sample dimensions were considered and the analytical responses were cut at the maximum average stress value σ TRC,max (see Table 7 ). The analytical curves were compared with the experimental results in terms of composite stress σ TRC vs. strain ε. Experimental strains were evaluated from the LVDT outputs, as the ratio between the average crack opening displacement COD and the measured gauge lengths GL. Please note that each curve in the figures is broken to the loss of the first transducer. The value of the average saturated crack spacing X was obtained experimentally, dividing the LVDT gauge length (the nominal value of 200 mm was assumed) by the number of cracks detected at the end of each tensile test (see Figure 10) .
It is worth noticing that this simplified analysis could not simulate any of the contributions provided by dispersed short fibres, since the matrix was treated as an elasto-brittle material, with null post-cracking behaviour. Moreover, it is important to underline that the theoretical response was always trilinear-hardening, since volume fractions greater than the critical one were assumed a priori and fabric end-slippage phenomena-as the one occurring in the F3-M1 response of Figure 7a -could not be captured. Hence, in its present configuration, the algorithm cannot be regarded as sufficiently robust to represent a comprehensive predictive tool and, for this reason, its application in this research was limited to the assessment of ex-post modelling capabilities.
The results obtained by applying the stochastic cracking model to the investigated sets of TRC systems are displayed in the following, with reference to M1-and M2-based composites reinforced with Fabrics F1 (Figure 16 ), F2 (Figure 17 ), F4 (Figure 18 ), F6 ( Figure 19 ) and F7 ( Figure 20 ). Average sample dimensions were considered and the analytical responses were cut at the maximum average stress value σTRC,max (see Table 7 ). The analytical curves were compared with the experimental results in terms of composite stress σTRC vs. strain ε. Experimental strains were evaluated from the LVDT outputs, as the ratio between the average crack opening displacement COD and the measured gauge lengths GL. Please note that each curve in the figures is broken to the loss of the first transducer.
From the comparison, it was possible to notice that the analytical curves seem to properly fit the experimental results in almost any of the investigated TRCs. It was observed that: • The stochastic model should fit the sequence of cracking stress values in the stable propagation phase. In all the cases investigated, the choice of a different tensile strength (type "B" analysis in place of type "A") allowed containing estimation errors. Moreover, it could be concluded that: (i) the two-parameter Weibull distribution function worked adequately; (ii) the m parameter, despite being obtained from flexural results, satisfactorily simulated the slope of direct tension curves; (iii) as expected, the effect of dispersed microfibers was not captured; and (iv) differences between the analytical and the experimental cracking stresses may be connected to mixed tensile-bending stress fields (unbalanced shrinkage could lead to a loss of planarity of the specimen).
(a) (b) • The transition point between the second and the third branch was satisfactorily caught by the analytical simulations. The ability of a simplified model to fit this response range was really From the comparison, it was possible to notice that the analytical curves seem to properly fit the experimental results in almost any of the investigated TRCs. It was observed that:
•
The stochastic model should fit the sequence of cracking stress values in the stable propagation phase. In all the cases investigated, the choice of a different tensile strength (type "B" analysis in place of type "A") allowed containing estimation errors. Moreover, it could be concluded that: (i) the two-parameter Weibull distribution function worked adequately; (ii) the m parameter, despite being obtained from flexural results, satisfactorily simulated the slope of direct tension curves; (iii) as expected, the effect of dispersed microfibers was not captured; and (iv) differences between the analytical and the experimental cracking stresses may be connected to mixed tensile-bending stress fields (unbalanced shrinkage could lead to a loss of planarity of the specimen).
The transition point between the second and the third branch was satisfactorily caught by the analytical simulations. The ability of a simplified model to fit this response range was really important, bearing in mind that one of the main advantages of TRC-as an example in the case of retrofitting applications-is its energy dissipation capacity (Section 4.3). In these preliminary analyses, the use of mean saturated crack distances X obtained from experimental observation seemed an adequate compromise solution and again confirmed that the Weibull function can effectively describe discrete distributions of cracks. Future alternatives for the assessment of the X value might be based on the experimental evaluation of the frictional shear stress by means of pull-out tests and the use of refined approaches, such as the car parking problem solution.
The hypothesis of evaluating the effective amount of AR-glass reinforcement multiplying the fibres volume fraction V f by the fabric efficiency factor EF f appeared to properly fit the third-branch slopes in almost all cases, with the only exception being F7-based composites. This was probably associated to the fabric-matrix interaction during the tensile loading: as confirmed by the experimental evidences graphically reconstructed in Figure 21b , during the loading phase along the warp direction, Fabric F7 exhibited a marked transverse deformation correlated to the "Poisson" effect in woven fabrics [27] . This deformability seemed to be negligible in the other cases, e.g., Fabric F2 (see Figure 22 ). In the composite system, the embedding matrix acted as a restraint to this transverse deformation, stiffening the third branch composite response with respect to the plain fabric behaviour. In Figure 21a , this effect is highlighted by the comparison between the composite and the fabric experimental curves. According to the literature, it can be stated that the "Poisson" effect is more significant in the case of unbalanced warp/weft fabrics [27] , in terms of both equivalent diameter ratio and pick distances of the yarns; nevertheless, greater role is attributed to the warp crimp, found to have almost a linear correlation with the fabric transverse deformation [28] . Within the group of fabrics investigated in this work, F7 was clearly the more affected, due to the higher AR-glass grammage and the significant yarn diameter in the warp direction (this effect is greater also with respect to Fabric F6 where, even though the warp grammage is identical, the crimp is lower due to the smaller spacing of warp yarns).
(a) (b) • The transition point between the second and the third branch was satisfactorily caught by the analytical simulations. The ability of a simplified model to fit this response range was really • The transition point between the second and the third branch was satisfactorily caught by the analytical simulations. The ability of a simplified model to fit this response range was really In view of the latter remarks, the stochastic model was again applied to the F7-based composites, adopting η f = EF f only in the evaluation of the peak analytical stress, but imposing η f = 1 in Equation (8) (in this sense, all filaments contributed to the resisting mechanism and E c,III was assumed equal to the elastic modulus E f of the AR-glass filaments). This solution, in which all filaments (A f ) worked as parallel springs with E f = 70 GPa, represents an upper bound of the experimental results in terms of third branch slope, as shown in Figure 23 .
greater role is attributed to the warp crimp, found to have almost a linear correlation with the fabric transverse deformation [28] . Within the group of fabrics investigated in this work, F7 was clearly the more affected, due to the higher AR-glass grammage and the significant yarn diameter in the warp direction (this effect is greater also with respect to Fabric F6 where, even though the warp grammage is identical, the crimp is lower due to the smaller spacing of warp yarns). In view of the latter remarks, the stochastic model was again applied to the F7-based composites, adopting ηf = EFf only in the evaluation of the peak analytical stress, but imposing ηf = 1 in Equation (8) (in this sense, all filaments contributed to the resisting mechanism and Ec,III was assumed equal to the elastic modulus Ef of the AR-glass filaments). This solution, in which all filaments (Af) worked as parallel springs with Ef = 70 GPa, represents an upper bound of the experimental results in terms of third branch slope, as shown in Figure 23 . 
Conclusions and Future Developments
The extensive experimental campaign presented in this work allowed better understanding the involved phenomena and the effect of individual components (matrix, textile and short fibres) on the tensile behaviour of TRC composites. In this sense, the use of the efficiency and the ductility/energy absorption parameters introduced in this work represent a systematic approach for the comparison of alternative TRC configurations and for the assessment of synergic contributions. From the interpretation of the experimental results, it can be concluded that:
•
The coating nature and the fabric weaving had a significant influence on the global capacity of the composites, mainly in terms of global efficiency; both the reduction of the filaments that effectively participated in the mechanical response and the variation in the bond-slip behaviour at the fabric/matrix interface played a significant role.
In general, the addition of short fibres was reflected in an increase of the mechanical capacities and a better behaviour in terms of durability. This effect seemed to be less visible in the case of narrow-spaced textiles, or when the matrix choice entailed a reduced fibre pull-out strength.
The differences between matrices designed for different applications (new constructions vs. retrofitting) should be considered not only in terms of first cracking strength and initial elastic stiffness, but also in view of better understanding the global response of TRC composites. In particular, the internal slippage of the fabric-favoured by the use of less compact matrices-may significantly reduce the stiffness of the third branch of the curve, affecting the ultimate capacity of the composite.
To obtain efficient tensile responses also when heavy-duty textiles are adopted, it might be necessary to slightly increase the thickness of the specimens, better controlling the internal slippage between the fabric and the surrounding matrix.
Cost-effective solutions were obtained by carefully combining the different components, in view of minimising the waste of material while improving the overall mechanical capacity. In this sense, the aims of the optimisation process were the maximisation of the efficiency (both the EF TRC and the EF TRC,f ) and of the energy absorption capacity.
The application of the stochastic cracking model showed that it was possible to simulate the experimental tensile curves with a good correlation, starting from assumptions directly derived from standard tests results (Section 5.3). The fabric efficiency factor EF f appeared to be directly related to the slope of the third branch in the stress-strain composite behaviour on condition that the transverse deformation of the fabric was limited. In the attempt to provide a predictive capacity to the model,
